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We use infrared images obtained by the Thermal Emission Imaging System (THEMIS) instrument on--
board Mars Odyssey to retrieve the optical depth of dust and water ice aerosols over more than 3.5
martian years between February 2002 (MY 25, C; = 330'-j and Detember 2008 (MY 29. Ls ^ I33°).
These data provide an important bridge between earlier :ES observations and recent abservadons from

Mars Express and Gars Reconnaissance Orbiter. An improvement to our earlier retrieval ISmith, MR.
Randfiield, J.L.. Christensen, P.R., Richardson, M.L. 2€701 J. Geophys, Res. 108, doi:10.1029")WIJE0021141
to include atmospheric temperature information from THEMIS hand 10 observations leads to much
improved retrievals during the largest dust storms. 1ehe new retrievals show moderate dust storm activity
during Mars Years 26 and 27, although details of the strength and timing of dust storms is different
from year to year. A planer en[irciing dust storm event was observed during Mars Year 28 near Southern
Hemisphere Summer. Solstice. A beet of tow-latitude water ice clouds was observed during the aphelion
season during each year, ;bars Years 26 through 29, 'rhe optical depth of water ice clouds is somewhat
higher in the'rHEMIS retrievals at - 5:00 PM local t

i
me than in the TES retrievals at 2:00 PM, suggestive

of possible local time variation of clouds.
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1. introduction

The continued successful operation of the Thermal Fmission
Imaging Systems (THEMIS) instrument on-board the Mars Odyssey
spacecraft has allowed for the Iong-term monitoring of the Mars
atmosphere for more than 3.5 martian years (Christensen et al.,
2003 1. The atmosphere has been studied using both the visible and
the infrared portions of the THEMIS instrument. Thermal infrared
observations made by THEMIS in nine spectral bands enable the
retrieval of the spatial and seasonal variation of dust and water ice
column-integrated aerosol optical depth, as well as surface tem-
perature and a vertically-averaged atmospheric temperature (Smith
et al., 20013). THEMIS visible images have been used to charac-
terize the morphology and seasonal dependence of dust and ice
clouds (lnada et al., 2007), and to characterize rnesoscale clouds
(McConnochie et al., 21306).

The retrievals of aerosol optical depth from THEIyl7S observa-
tions provide a crucial link between the observations of aerosols
taken by the Mars Global Surveyor TES (e.g, Smith, 2004) and Mars
Orbiter Camera (MOC) instruments (e.g. Cantor et al., 2001; Cantor,
2007) and those taken by instruments ern-board the currently-
operabrig ]Mars Reconnaissance Orbiter (MRO) (e.g. Wolff et al„
2009) and Mars Express (MEx) orbiter (e.g. Zasova et al., 20175:
Rannou et al„ 2006). The long overlap iii time (more than one
martian year) between the THEMIS observations and both MGS
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and ItTRO{MEx observations provides an opportunity for the vali-
dation and cross-catibration between all the different instruments.
Togethcr, these datasets nor., cover a period of more than five mar-
tian years, enabling the initial exploration of interannual variations
in atmospheric conditions.

The retrieval of dust and water ice aerosol optical depth using
TIIEMB infrared observations was previously described by Smith
et al. ;20113;, and more information on the THEMIS instrument
can be found in Christensen et al. ;2003). A recent review of all
previous spacecraft observations of aerosols in the martian atmo-
sphere is also given by Smith (2008). In this paper, we describe
improvements to the Smith et al. (20031 retrieval as well as re-
sults updated to the current time. In Section 2 we describe the
set of'rHEMiS observations used in the retrieval of aerosol optical
depth. In Section 3 we describe the retrieval algorithm, focusing on
the improvements that have been made to the Smith et at. (2003)
algorithm. In Section 4 we present the results of the retrieval along
with a discussion of tesuirs, and we summarize our findings in
Section 5.

2. data set

2.1. THEYldS instrument

The THEMIS instrument obtains images of Mars using one of
two separate focal planes. One focal plane contains ten spectral fil-
ters covering the thermal infrared between 6.5 and l5 film, while
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the other contains Five spectral filters at visible wavelen;ths be-
tween 0,45 and 0.85 pin (Christensen et al., 2003;. In this work
we use only the images taken in the thermal infrared. The first
two THEMIS spectral bands are identical and are centered at
6.78 lam, Sands 3 through 10 are centered at 7.93, 8.56, 935, 10-21,
17.04, 11.79, 12.57, and 14.88 pm, respectively, with spectral widths
that allow for slight overlaps between adjacent bands (except for
Band 10, which is somewhat more narrow and has no spectral
overlap with any other band?.

The THEWS images are 320 pixels across-track and are built up
in the along-track direction over time by spacecraft motion. Images
are of variable length depending on the purpose of the observation
and the available resources available for downlink of the data. The
size of a THEMIS pixel at the surface is 100 in. The local time of the
THEMIS observations varies between roughly 4:0(1 and 6:00 PM,
which is somewhat later than either the 2:00 Plot mean local time
of Mars Global Surveyor or the 3:00 HVI mean local time of the
;Mars Reconnaissance Arbiter.

We are most interested in the variations of atmospheric con-
ditions on scales larger than . the THEMIS pixel size, so for each
THEMIS image we use as our observation the average of a block of
data 320 pixels wide (the entire width of the image) by 256 pixels
long. The last 256 pixels of each image are used for this average
because they have the most accurate calibration (an effect only no-
ticeabie for Band 10). The resulting average covers an area 32 by
26 km in size, or roughly one-half degree square.

2.2. Qttservatig tts used in this study

THEMIS images are divided between those targeted at objects
of geologic interest, Unerat mapping of the entire surface, and a
latitude--longitude grid of observations taken every couple weeks
intended to survey atmospheric conditions. Although the targeted
observations generally provide a reasonable globai-scale sampling
over titre, the atmospheric grid has proven to be very useful as
a means to "fill in" any spatial gaps in the coverage of targeted
observations.

Included in this work are all THEMIS images that include all
ten infrared bands and for which the surface is sufftcientiv warm
1220 K or higher) to provide enough thermal contrast between
surface and atmosphere to allow for a reliable retrieval. A total
of 26,400 images fit these criteria, covering the period from the
beginning of the mission in February 2002, or Mars Year (MY)

25, L, ^ 330', to the end of December 2008 'MY 29, L, = 183').
Although the number of available images per day varies some-
what with time, the coverage is nearly continuous over these 3.5
martian years with only short interruptions caused by solar con-
junction or spacecraft anomalies.

Fig. 1 shows the seasonal ( ks) and latitudinal coverage of the
THEMIS infrared images used in this work. Although the THEMIS
instrument cannot provide a continuous pole-to-pale mapping, be-
cause of data rate constraints, the coverage is still more than suf-
ficient to provide a valuable picture of the seasonal and spatial
trends of atmospheric aerosol optical depth. in particular, the value
of the atmospheric grids can easily be seen during the aphelion
season (LS =W-180') when data rates have typically been low.

3. Revised retrieval algorithm

'the retrieval used here is the same as Smith et al. (2003) algo-
rithm, except modified to include atmospheric temperature infor-
mation from the THEMIS observations themselves. Here we give a
brief outline of Smith et al. '2003; algorithm, and in the next sec-
tion we describe the revision to include temperature information
from the THWIS observations.

The basic idea of the THEMIS retrieval is to find the values for
surface temperature and dust and wirer ice aerosol optical depth
that provide the best fit between the computed and observed ra-

diance spectra in THEMIS Bands 3-8 (roughly 8-12 tiro). The three
quantities, surface temperature, dust optical depth, and water ice
optical depth are fit simultaneously by linearizing the solution for
radiance about the current best guess and iterating until solution.
Convergence typically occurs in less than five iterations,

Radiance is computed using a purely absorbing plane-parallel
atmosphere, Thus, the optical depth values reported here should
be considered as effective absorptive optical depth only, not full
extinction optical depth that includes scattering. Numerical exper-
iments show that extinction optical depth is roughly 1.3 times
absorption optical depth for dust, and 1.5 times absorption opti-
cal depth for water ice aerosol (Smith, 2004).

The spectral dependence of optical depth for dust and water ice
aerosol's is taken from TES retrievals (Bandfield and Smith, 2003)
and are assumed to be constant in space and time. Because surface
emissivity has a spectral dependence that is very similar to that of
dust aerosol over the THEMIS wavelengths, the two cannot be re-
trieved independently. Instead. TES results are used for the spectral
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cf a guide range of freights centered at about O ' s mbar.

dependence of surface emissivity (Banditeld and Smith, 2003; and
for the amplitude of surface emissivity as a function of latitude
and longitude ;Smith, 2004).

The vertical distribution of dust aerosol is assumed to be well-
mixed. Vvater ice aerosol is assumed to be in the form of conden-
sate clouds, so that there is no aerosol below the water condensa-
tion level. The condensation level is computed using a water vapor
abundance taken from concurrent TES observations, or from TITS
climatology after the end of systematic TES spectrometer observa-
tions WY 27, Lr = 81 ° J,

3.1. Inclusion of THEMIS temperature information

The one THEMIS band sensitive to atmospheric temperature
(hand 10) was designed to give a temperature representative of
a broad range of the atmosphere (roughly 0.1--10 mbar), Simi-

lar to the "TI5" temperature derived from Viking Orbiter IRTM
observations (Martin and Kieffer, 1979). Although useful, this sin-
gle vertically-integrated temperature by itself is not sufficient to
accurately model atmospheric radiance. The Smith et al, F2003) al-
gorithm relied on concurrent retrievals from TES to provide the
necessary temperature profiles. That strategy is no longer possible
after the failure of the TES spectrometer (near-continuous obser-
vations by the TES spectrometer ended on 31 August 2004, or
MY 27, L, = 81 1 ). For more recent THEMIS observations we use
a combination of the averaged atmospheric temperature provided
by THEMIS Sand 10 with historic observations by TES at the same
season and location J,e. climatology) to estimate the temperature
profile, T(p), at the time of each THEMIS observation.

Although the temperature derived from THEMiS Band 10 is rep-
resentative of a broad vertical range of the atmosphere, it is useful
to define a single effective height for this temperature. Fig. 2 shows
both a theoretical and an empirical derivation of this height. The
left pane! of Fig. 2 shoves life contribution function for THEMIS
Band 10 computed by taking the vertical derivative of the trans-
mittance of the CO2 atmosphere as a function of height integrated
over the spectral response of THEMIS Sand 10. The contribution
function shows the vertical distribution of the relative contrilsu-

Lion to the observed radiance in THEMIS Band 10. This distribution
is not sensitive to the temperature profile as shown by the very
similar contribution functions for three widely different tempera-
ture profiles. The peak of the contribution function is at a pressure
level of about 0.6 mbar, although the peak is broad. The right panel
of Fig. 2 shows the rms temperature difference between observed
THEMIS Sand 10 brightness temperatures and the temperatures at
different pressure levels extracted from concurrent TES retrievals.
This comparison includes all THEMIS observations taken during the
period when the TES spectrometer was still operational, and so in-
cludes a complete range of seasons and latitudes. The minimum
temperature difference is found at a pressure level. of 0.5 mbar,
which is in reasonable agreement with the theoretical results given
the wide vertical distribution apparent from both methods. For the
purpose of this retrieval, we assign an effective height of 0.5 mbar
to the THEMiS retrievals.

Much of the time, using TES climatology temperatures for the
THENUS retrieval is a reasonable approximation. Fig. 3 shows a
comparison between TIES climatology temperatures at 0,5 mbar
and observed THEMIS Sand 10 temperatures. The TES climatol-
ogy is taken from the first martian year of TES operations, from
MY 24, L; = 104' to MY 25, L, = 104'. There is excellent corre-
spondence between the two during the aphelion season, LS = 0'
to 180'. However, it is also apparent that the random tinning and
strength of large regional and planetary-scale dust storms during
the perihelion season, Lr — 180 o to 360', makes the use of TES ih-
matoiogy at those times much less desirable. These temperature
differences can be quite large, exceeding 30 K for the largest dust
storms. When actual atmospheric temperatures are greater than
those predicted by TES climatology, then the thermal contrast be-
tween the surface and atmosphere will be overestimated, which
means that aerosol optical depth will be underestimated.

It was noted by Srnith (20174) that the atmospheric warming
caused by dust storms varies with height. The largest response is
at high altitudes, while there is little response at levels near the
surface, Fig, 4 shows a rime series of temperatures at low Southern
latitudes from TFS over three martian years for five different atmo-
spheric levels. While there is large interannual variation from year
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Shown is the change in the dAytime te€nWatures as a re5dR Of the 2301 (MY 251
planet-encircling dust storm event. This i s ternpera#ute at MY 25. 1, = 205" (July
2G.e,1 ), r= irrus the temperature at NN 24, L,, = 205' September 1999',. The rernger-
ature difference rises almost ,inearl, from near-zero at the surface to a maximum
value sc€rewhe€e above the a.s-rnhar Ievei.

to year caused by dust storms at 0.5 mbar, the year-to-year vari-
ation near the surface (e.g., 3,7 mbar) is much reduced, Another
example is given by Fig. 5, which shows the temperature differ-

ence as a function of latitude and height between temperatures
observed by TES at MY 25, L, = 205° at the peak of a planet-

encircling dust storm and those observed exactly orie martian year
previously when there was no dust storm (Smith et al., 2002), Here
we see a near-zero temperature change at the surface increasing

roughly linearl y with height.
The TES observations of temperatures during dust storms sug-

gest a relatively simple correction Based on THEMIS Band Ill tem-
peratures that can be made to improve the estimate of the tem-
perature profile from TES climatology. We define a quantity, AT,
as the difference Between the observed THEMIS Band 10 tempera-
ture and the TES climatology temperature at 0.5 mbar (at the sea-
son, latitude, and longitude of the THEMIS observation). Recalling
Fig. 3, most of the time AT is within 3 K of zero, but during dust
storms AT becomes large and positive with values of 10--40 K. The
temperature profile at the time of the THEMIS observation, Ttp7,
is then estimated from the TES climatology temperature profile,
TT£s(ps, using:

T	 - L 0. 4 A T 109 per	 ;1

where pre, is a reference pressure level taken to be 6.1 mbar. Equa-
tion ^1 j provides a temperature correction that is zero at the ref-
erence pressure !essentially the surface; and increases linearly in

log-pressure (nearly linear in height to a value of AT at a pres-
sure level of 0,5 inbar.
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3.2. EsIlmati rl of uncertainties

A number of sources contribute to uncertainties in the retrieved
values of dust and water ice optical depth, including instrument
noise and calibration, error in the assumed temperature profile and
surface emissivity, and simplifying assumptions of fixed spectral
shapes and a well-mixed non-scattering aerosol. The formal prop-
agation of random instrument noise leads to negligible error since
we average over 320 x 256 pixel frames. Uncertainty from calibra-
tion and other systematic errors is not reduced by averaging pixels.
Such uncertainties are dithcult to evaluate, but our experience with
the TES retrievals, and the comparison of THEMIS optical depth re-
sults with TES leads to an estimate of an .uncertainty for a single
THEMIS observation of 0.04 or 10% of the total absorption opti-
cal depth, whichever is target, Uncertainties are likely so€newhat
higher (perhaps 20z or even greater) during the most intense dust
storms because large corrections to the temperature profile must
be made for those observations. The estimate for the uncertainty
in optical depth also does not include the systematic difference
between absorption and extinction optical depth. As stated earlier,
we estimate that the extinction optical depth (including scattering)
is systematically higher than the absorption optical depth reported
here by —3V, for dust and -W 50% for water ice.

4. Results

The retrieval of crust and water ice aerosol optical depth was

performed on all THEMIS daytime infrared images with surface
temperature greater than 220 K and all ten spectral band€ present.

The images span the entire 3.5 martian years of Mars Odyssey op-
erations from MY 25, L5 = 330' 19 February 200211 to the present,
MY 29, is = 183' (31 December 2008), yielding a total of 26,400
Pool retrievals,

Fig. 6 shows the results of our retrievals. Because dust has
been assumed to be well-mixed, in Fig. 6 and the fallowing
figures we present dust optical depth scaled to an equivalent
61-inbar pressure surface to remove the effect of topography. This
is accomplished by multiplying dust optical depth by the factor
l6.1 mbaosufface pressure?. eater ice aerosols have not been as-
sumed to be well-mixed, and so we present ovate€- ice Optical
depth without any scaling. Sand 10 temperatures are shown for all
daytime infrared images without the restriction on surface tem-
perature.

4.1. 17ttst option depth

The history of dust optical depth shows the familiar seasonal
dependence observed by previous spacecraft (Smith, 2008). The
highest dust optical depth on a global scale is found during the
perihelion season % = 180'-360"11, but with significant variation
in the timing and amplitude of large dust storms from one mar-
tian year to the next. Relatively low dust Optical depth persists
throughout most of the aphelion season with the exception of Oc-
casional small-scale dust storms at high latitudes along the edge
of the retreating polar ice caps.

The MY 26 dust storm season was relatively mild. As usual,
dust activity began to pick up after Ls = 140' with the first large
regional storms at around Ls = 210- . additional dust activity was
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observed at high southern latitudes near summer solstice. The dust
storms at L, = 315' are a regular feature of the dust cycle, but were
noticeably more intense than those seen in previous years at that

season (Liu et al., 2003; Smith, 2004). These dust storms were par-
ticularly notable since they occurred at the time of the Beagle 2
arrival at Mars, and just prior to the landings of two Mars Explo-
ration Rovers (MER).

The MY 27 dust storm season was also milt(, although there
were several differences in the tinning and intensity of the largest

dust storm events compared with MY 26. An unusually early
and intense low-latitude dust storm was observed in MY 27 at
L, = 135 1 , which was also observed at bath MER landing sites by
the ravers (Smith et aL, 2006 i. However, this early activity was
not followed up by increased dust optical depth during the rest of
the season. Regional dust storms at L 4 = 225' were comparable in
intensity although later than those observed. in MY 26. The late-
season dust activity at 1, = 310' was more similar to the moderate
dust storms observed in MY 24 and 25 by TFnS (Liu et al., 2003:
Smith, 201 04) than the more intense dust event of MY 26.

By far, the greatest dust activity observed so far by THEMES
occurred during MY 28. The early-season dust activity was not ex-
ceptional, with the regional dust activity at L i = 220' somewhat
less intense than in previous years. However, at L s = 265' a se-
ries of dust storms began, which lead to a planet-encircling dust
event. Thermal infrared dust optical depth exceeded unity over
most of the planet for several weeks making this the highest global
dust loading since the MY 25 (2001) event (Smith et al., 20€32;
Cantor, 2007), Dust optitai depth only gradually decayed, staying
above 0.5 until at least L, = 310'. No new significant dust ac-
tivity was observed by THEMIS during the usual Lr = 310°--320°
dust storm period, presumably because of the large perturbations
of conditions from the late-season planet-encircling dust event.

Observations from THEMES as we enter the dusty season for MY
29 once again show elevated early-season dust activity similar to
that observed in MY 27.

4.2. THEMIS Band 70 temperatures

The middle panel of Fig. 6 shows THEMIS Band 10 bright-
ness temperature, which was shown above in Section 3.1 to be a
broad vertical average of atmospheric temperature with an effec-
tive height of roughly 05 mbar or 25 km above the surface. At-
mospheric temperatures respond to a combination of orbital (per-
ihelion vs. aphelion) and seasonal (summer vs. winter) variations,
as well as to direct heating by the absorption of sunlight by dust
and to general circulation patterns. The observed heating caused

by the large regional storms during MY 26 and 27 was roughly
15-20 R, while that caused by the planet-encircling dust event of
MY 28 was 30-40 K, Globaity-averaged temperatures have a con-
sistent and knell-defined minimum near L, = 40 which is earlier
than both aphelion (L, = 71') and the global minimum. dust opti-
cal depth (L, = 1300, a phenomenon also observed by TES (Smith,
2004),

43. (Water ice optical depth

The main feature evident in the THEMIS retrievals of water ice
aerosol optical depth (bottom panel of Fig. 6) is the aphelion sea-
son low-latitude cloud belt. This robust set of cloud features has
been observed repeatedly by telescopic observations (e.g. Clancy et
al., 1996), Viking (e.g. Tarnppari et al., 2000), TES (Pearl et al., 20ol;
Liu et al- 2003: Smith, 2€30 1), and other instruments. Low-latitude
water ice optical depth increases rapidly after L, = 0' reaching its
peak value by about L, = 60 1 . The cloud-belt begins to dissipate
after L, = 140' as atmospheric temperatures rise, but remnants
persist until at least L, = 180'. At its peak, there is significant cloud

0 12

m 1
	 a^saa e

ur Q.tl

0.6

0.4

0.2

g

01	 0.4	 0.6

Lust €Jpticai Depth, (TES Olimalotog3)

Pig.7. s4 coa.pa,ison of retrievals of dust optical depth from THE MS tbseratiras
using T'ES chynat€logy and using THEWS Sand 10 infor.natinn. The red points
are €hose taken dudr.g -he 21007 planet-encirchrig, dtisz smrrr; evert (MY 2^, L, ^-
2651-3051;.

cover between 10 1 S latitude and 30' N latitude, with enhance-
ments over areas of elevated topography such as Elysium, Tharsis,
Olympus Mons, and Alba Patera. There is relatively little interan-
nual variation in the timing, location, and amplitude of the cloud
belt. However, the THEMIS observations do show that very early
low-latitude dust storms, such as at MY 27, Ls = 135', can very
quickly reduce cloud optical depth to near-zero values. In this par-

ticular case, the cloud belt partially reformed by Ls = 150' after
the dissipation of the dust storm and atmospheric conditions had
returned to nominal values for that season.

The polar hood clouds that form at high latitudes in the winter
hemisphere are not observed by THEMIS because at the relatively
late local time of the tsars Odyssey orbit (-5:00 PM) surface tem-
peratures are too love at those latitudes to provide the thermal
contrast between the surface and atmosphere necessary for the re-
liable retrieval of water ice cloud optical depth.

4.4. Comparison against retrieval using TES climatology

p

The train difference between the original retrieval algorithm of
aerosol optical depth from THEMES infrared images used by Smith
et al. (2003) and the algorithm used in this work is in how the
atmospheric temperature profile is obtained. in the Smith et al.
(2003) algorithm, concurrent TES observations were used to es-

timate atmospheric temperatures, but that is no longer possible
since the end of systematic TITS spectrometer observations on 31
August 7004 (MY 27, L, =81°), Instead, we estimate atmospheric
temperatures using a combination of observed THEMIS Band 10
temperature and historic TES observations (ciirnatology) from the
season and location of interest.

Fig_ 7 shows dust optical depth retrieved using observed
THEMES Band 10 temperature information compared to that re-
trieved using TES climatology alone without correction. In the
figure, the rest points are those observations taken during the 2007
planet-encircling dust storm event (MY 28, L, = 265°-305'), while
the black paints are those taken at other times. The blue lines
show when the two dust optical depth results are the same within
uncertainties,

As expected, when there are no large dust storms the difference
between retrieved dust optical depth using TES climatology and
the correction using THEMIS Sand 10 temperatures is essentially
within the uncertainty of the algorithm. However, during large
dust storms it is necessary to use observed THEMES Band 10 tern-
peratures to get an accurate retrieval. During large dust storms the
observed THEMES Band 10 temperature is higher than the dimatoi-
ogyl temperatures fro g; the first year of TES observations IMY 24,
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Fig. S. A comparison of dust an€! water ice apieai depth retrieved from THEWS and T'%•5 <A,5ervatians during the bane when both instminenu were operational 0AY 25,
L, = 33T} to ?N5Y 27, L, - ?W1 The scale for dust epticai depth is frorn 0 ; purp,e) to 03 ;red}, he scale far water ice tseticai depth is from €3 i Pvrple ) €e (MS (red'L

L, = 104' to MY 25, L; ^ 104'), which was a very mild year for
dust storms (Smith, 2004). Atmospheric temperatures greater than
climatology lead to a smatter thermal contrast between the surface
and atmosphere than would be expected from climatology. There-
fore, to produce a spectral feature of a given size, a greater amount
of dust crust be present than would be required from atmospheric
temperatures from climatology.

Fig. 7 shows that the above effect can be quite significant dur-
ing the largest dust storms. The dust optical depth can be underes-
timated by up to a factor of two if observed temperatures are not
used. Dust optical depth can also be underestimated by a smatter
amount ( 10-20-,} during large regional storms as shown by the up-
ward curve of black points at larger values of dust optical depth.

4.5. Comparison a airnst concun°ent TES observations

Regular observations by the TES spectrometer continued for
more than a martian year after the beginning of THE MIS obser-
vations allowing for a direct comparison between the two instru-
ments and a validation of results frost THFMIS. Fig. 8 shows side-

by-side plots of dust and water ice optical depth retrieved from
TES and THEMiS. 'i'he correspondence between the two is close,
with both the seasonal and spatial patterns and the amplitudes of
results snatching well. Bath TES and THEMIS observe the decay of
a regional dust storm at the end of MY 25, the usual low dust
optical depth during the aphelion season, and a relatively mild
dusty season in MY 26 with moderate regional storms at L^ = 210'
and 315'. The aphelion season water ice cloud belt is observed by
both instruments to begin intensification after L. = W, reach full
strength at Ls = 60' with the same amplitude and latitude extent,
and linger until abut L, = 180'.

One difference is the apparent cloudier conditions observed
by THEMIS between L, = 120' and 180'. This was interpreted
by Smith et aL 1,2003, as a result of the later local time of the
THEMIS observations. Only one year ',MY 26) in that seasonal pe-
riod was observed by both TES and THENUS concurrently. How-
ever, observations during this season for other years MY 24 and
25 for TES; MY 27, 28, and 29 for THEMIS) show that during
roughly Ls = tQ0°-I80° the water ice optical depth observed by
THEMIS is always somewhat higher than that observed by TES, ex-



THE_h'i.S otlen+ations of Mars nerosot npticai depth rrom 2002-2008
	

4:)1

cept for the sudden drop in clouds observed by THEMIS at MY 27,
Lv = 135 1 at the onset of an unusually earl y low-latitude dust
storm. The difference in optical depth is about 0.03, which is close
to the level of uncertainty. Nevertheless, the consistency of the
trend over several years of observations from both instruments
gives support to the idea that cloud optical depth varies with local
time, a tendency° also observed from telescopes (Wolff et al., 1999;
Akabane et aL, 2002; Glenar, et at., 2003), hiking Orbiter (i"a-nppari
et al_ 2003), Mars Global Surveyor (Wilson et al., 2007), and Mars
Reconnaissance arbiter (Malin et al„ 2008).

Notable in Fig, 8 is the smaller latitudinal range given by the
THEMIS observations because of its later local time and thus cooler
surface temperatures. This prevents the THEMIS observations from
observing the pillar hood water ice clouds seen by 'TES as well
as some of the smaller dust storms along the edge of the polar
caps. At the present time the Mars Odyssey spacecraft is per-
forming maneuvers to move the local time of the orbit earlier,
to about 3:170 Ply . The move is expected to be complete in late
2009. This should provide a somewhat greater latitude extent for
future aerosol optical depth retrievals, and may help provide a
more definitive conclusion about the diurnal variation of water ice
clouds in THr iS observations.

5. Summary

Infrared images taken by the THEM15 instrument on-board Mars
Odyssey are well-suited for the retrieval of dust and neater ice opti-
cal depth in the Mars atmosphere. Use of atmospheric temperature
information contained in THEMIS Band ICI data in the retrieval
algorithm provides a much more accurate retrieval during large
dust storms as compared to using temperatures from a climatology
database alone. During the planet-encircling dust storm event of
2007 (MY 28), the observed THEMIS Band 10 atmospheric temper-
atures were 30 K warmer than those from TES climatology (Smith,
2(1024). Using a temperature profile based an the observed THEMIS
Band 10 temperatures instead of directly from TES climatology re-
sulted in an increase in retrieved dust optical depth during the
storm by a factor of two or mare_

The long and nearly-continuous retard of THEMIS retrievals
of aerosol optical depth provides a critical link between historic
observations from Mars Global Surveyor data and the recent ob-

servations by the Mars Express and Mars Reconnaissance Orbiter
spacecraft, Comparisons of aerosol optical depth retrieved from
THEMIS and concurrent TITS observations shows strong agreement
providing a validation of the consistency of results from the two
instruments. Similar cross-correlation and validation is currently
underway comparing THEMIS retrievals against those from Mars
Express and Mars Reconnaissance Orbiter instruments (e.g. Smith
et al., 2009; VUff et al., 2009).

Over a time span of more than 3.5 martian years, THEMIS ob-
servations have shaven both repeatable patterns and large inter-
annual variation in aerosol behavior, Mars Years 26 and 27 were
observed to have moderate dust activity during the perihelion
(southern spring and summer) season, with regional dust storms
near L, =2201' and 315', while MY 28 featured a planet-encircling
dust storm event just before southern summer solstice but no late-
season regional storm at L< = 315 Early season tovv-latitude dust
storms were observed in Froth MY 27 and 29 before 4, = 180', a
type of event not observed by TES during MY 24-26.

The low-latitude aphelion season water ice cloud belt was ob-
served each year from MY 26--29 to begin forming at L, 0',
reaching peak optical depth between L, = tort' and 11201 , and
gradually decay after L, = 140'. Cloud thickness was observed to

rapidly decline du p ing the early-season dust storms in MY 27 and
29, and to recover to nominal values after dissipation of the dust
storms.

The limited latitudinal extent of reliable THEMIS retrievals be-
cause of the late local time (-5:00 Purl) of the Mars Odyssey orbit
precluded the observation of both polar hood clouds and small
dust storms along the edge of the polar caps. However, the later
local time of THEMIS observations compared to TES (-2:00 PM
does allow for a limited examination of the variation of cloud op-
tical depth with time of day, The THEMIS observations consistently
shore somewhat higher water ice optical depth in the Iew-latitude
aphelion season cloud belt, especially after 4 � 100'.

The THEMIS instrument re gains fully operational and continues
to add to its tong history of atmospheric observations. The Mars
Odyssey spacecraft is currently undergoing maneuvers to bring the
locai tinge of its orbit to an earlier time. R is expected that the ma-
neuvers will be completed in late 2009 with the orbit near 3:00
PM local time. Observations at the earlier time will allow the re-
trieval of aerosol optical depth over a greater latitude range and

will provide further information on the tune-of-day variation of

water ice optical depth.

Acknowledgments

We thank the THEMIS operations tears: at Arizona State uni-
versity for their expert acquisition, calibration, and handling of
THEMIS data, and Phil Christensen for his continued support of
THEMIS atmospheric observations and analysis. We thank josh
Bandfield for useful discussions about the THE-MIS data and re-
trievals, and Michael Wolff and an anonymous referee for their
helpful comments on this manuscript. This work was supported
through the Participating Scientist program of the NASA Mars
odyssey project.

References

Akahane. A. Nakakushi, T., Iwasaki, K., Larson, S.M.. 2092, Murnal variation of mar-
tian water-ice ctou& in Tharsis region of the Inw latitude cloud belt: Gbser3a-
dons in 1995-1999 apparitions. Astro:l. Astaphys. 384, 678-688.

Bandfiefd, J.L. Smith, M.D.. 2003. Multipie emission angle surface-atmosphere sep-
arations of thcrrral emi>sicn specrrummer data, Icarus 161. 47-55.

Cantor, B,A, 20€17. NMQC observations of the 2031 ?Mars plane- encirrng dust stervr.
Icarus 186, Sc-96.

Carter, B.A., fames, dr B- Caplinger, M., Wolff. Ul " 2001, Martian dust sturrns. 1999
,'jars orhrter canoes observations. J. 6eaph+gs. Res. !05, 2:;653--26687.

Climrensen, PAR., Jakosky. Kieffer, H.H., Malin, M.C., McSwe €n, PLY., Nealaun. K.,
S'iehali, G.L. Silverman, S.H., Ferry, S, Caplinger, M., Ravine. %4,. s0€:3_ The Ther-
mal Emission Imaging System (THEMIS) for rite Mate 29-?i Odyssey misnion-
Space Scl. Fev. 110, 85-130.

Clams, R: F, Cm5smar, A.W., Wolff, h1.. James, RB„ Rudy, D.I.. Bitiaw.afla, Y. S., San-
der, B.., Lee, S.W., 'no	 99'nobleman. D,O,, 10. Water vapor saturation at Ipvv alti-
terdas around Mars aphelion: A key to Mars climate? Icarus 122. 36-62.

G]erar, D.A., Samuelson. tt.E., "earl. ;LC " Eloraker, G.L, Bianey. 17., 2W1 Spectral
imaging or nsarrian water ice clouds and their Ihurnal oehaviar during the 1995
aphelion season. Icarus tfi1, 297-318.

Inada, A., Richardson, A;.t., Mc"Cor nochw, T Ki Strausberg, M.J., Wang, K. Bell Ili, ,'.F..
2007. tiigh-resofun en anno=phe€ic abse vauras by the kTars dyssey Therrna3
Emission lmagina System. Icarus 192, 378--395.
J., Richardson, N11, Wilson, R.3,, 2003. An assessmen >, of the g€abal, seasanal,
and interannual spacecraft sec©rd of martian, clmate In the thermal infrared.
1. G^nphys. Res. 108, dos::5.€vi9J2002JE001921,

Malin, vi c., ialvi :, VE . ., Cancer, &A., Clancy, KT Ftaberie, R.M., jalnes, P.E.,
Thomas, P.C., Wol ff, Kj., gefi HI, ],F,. Lee, S. W., ''008. climate, weather, and north
ptalar ©laservatiens from, the :jars Recannaissance Orbiter 'Mars Color Imager
Icarus 194, 501-5f2.

Martm, T.Z., K€after, H,H., :975. Thermal infrared ptopinnes of the martian atrno-
sphere, J, Geophys. Res, 84, 2845-2852.

McCo y nchle. TH., Se l l ill ' J.F.. Sa r>aransky, D_ Wolff, 10J., Richardson, bi.l., Taiga.
A.D., Wang, H., Chnstensen R , 2i3rJ6, Martian mesospheric clouds; Latest re-
sults f:am ErtE'175-;rIS. €nc AGU Fali Mettfing 200. Abstract P23A-0044.

f^eart, j:C., srilith. M,1T,. Conrath, B.J., Bandfieid, f.L., Chvinensen. ilk, 2001. Dbser-
vatiws of marnan ice clouds by ?he ?Mars C oNd Surveyor Thermal Emission
spec*ro w7eter. 'the first martian year. J, Cecrphys. ties. 106, 12325-12338,

RdFt oLT, p., perrie', 5., 8erraux, j-L_ Monrntessin, F., Kajab'lev, 0., Re^rac. A„ 20106.
roust arad Cloud detection at .he Mars lirr.b with MV scattered sunlight wiih
SPICAM. f. Geophys. Res. 101, dvi:lfLl"câ 14DI2L0i>IE t12€r33.



452
	

A,f.e7_Smith r Ic[rr-.r5 202 (2&OS, 444-45x2

Sm4h, M.D., N04 Inrarannual variabilitly in TES a lmospheric observations or Mars
duri3tg 1999--2003. icarus 157, 148-165.

Smith, ?vl.i7., 2008. Spacecraft observadom of the martian atmosphere. Annu. Rev,
Earth Planet. Sci.36, 197-213.

Srnkh, M.R., Pearl, J.C., Canrath, R.J., Christensen, RR- 2402. 'Thermal emission
specs ometer cbaerva=ions of martian p7zmet-encir'hug dust Ste y m 2001a,
lCatus 157, 259-263.

Smith, M.D., Bandfield, J.:... Christensen, RR.. Richardson, MA., 2003. Thermal Fums-
sion ;m^aging Systen MEMiS3 infrared observation3 of ainospheric dus[ and
water we doud optical depth. J. Geo .0hvs. Res. 108, coiaQ.,€:Z972CO3J€x%02134.

S yry fr, M.D., Wulff, SR.j- Spat€ovich, h1.. Ghosh. A., Cattfieki, 0„ Christe3zser, P.R., fan-

dis. G.A.. Squyres, 5,W.., 20tJG. One maitiart year of a7masphtnc ubservanons
using MER %Tii TES. J. Geaphys. Res. 111, dcwIO.I429i2LGCjEO02 77_ E12St3.

Smith, h„C3„ Wo€ ff, MLJ ' . Clancy, R.TL, Muechie, S.L. 200';1. CRISM of se^vatinr_= of wa-
ter vapc,r and carbon manaxide. ], Geephys. Res.. 	 ini€r
press.

T'anppari, L.K.. Zurek, R.4V., Paige. DA. 2000. ViMng-era wate r ice clouds. J. Gee-
phys. lies. IU5, 4087-4107,

Tamp€;an. L.K.. Znrek,Ft: R%., Paige, DA, 2003. V king-e.a diumai seater-ice clouds.
J, Geaphys. Res, 108 TT), doi:10.1329'ZC[72JE401911.

Wolff, Iv1.J., Bell ill. J.F„ ;wnes, P.6.. Clancy, R.T.. Lee, S.L., 1999. Ha€bhie space tele-
sCupe Observattcns of t11e martla€1 aphelion cloud heft prior to €he Fathfind€r
msssion: Seasonal and interarnual variarinns. J. Geophgs. Res_ 194 IR4'.
9€127-9041,

Wofff, Mj.. Clancy, R.I, , Smith, M.D., Arvklsoit, f^ Kahre, €v'!., Seelas N, F- Morris,
R.V., 200a. WY velength depenuence of dust aerosol single scattering albedo as
observed ;y CRI5 3. J. Geesphys. Re_., doi: U10291'2 09TO03a5O. In press.

W€iSOn, R.J., Nerrnan p, G.A.. Smith, t ,D_ 2007- Diurnal vatiauon and radiative
influence of martian water ice C1aCds. Geaphys. Res, I.et, 34. doi_30..029?
2e06GL027976. L€727t0

7asava, L., and 20 caileagjes. 2O05. 'mater clouds and dust aers- als observations
w:lh I'F'S MEX at hears. Planet. Space Sci. 53, 1055-,077.


